Photosensitized isomerization of norbornadiene to quadricyclene was investigated by using several photosensitizers such as toluene, acetone, acetophenone, benzophenone and a-naphthoquinone. The effect of wavelength on the quantum yield of quadricyclene and on the energy conversion efficiency was measured by using spectroirradiator. The formation of byproduct polymer in the presence of photosensitizers was also studied. The formation of polymers during irradiation, which prevents the repeated use of energy storage material, was effectively suppressed by the addition of several phenolic substances into norbornadiene.
Introduction
Photochemical isomerization of norbornadiene (I) to quadricyclene (II) is regarded as one of the most promising reactions for the permanent storage of solar energy in the form of chemical energy14) (Scheme 1). Its energy storage capacity, as much as 1190J/g,30) makes this substance attractive for this purpose. There are, however, several difficulties which should be overcome to realize a practical energystorage system from this reaction. Because norbornadiene has no absorption band corresponding to solar radiation, the utilization of longer-wavelength light by norbornadiene and the suppression of side reactions which cause the gradual degradation of the energy-storage material seem to be the most requisite for this system. 24) Manyresearch works have been carried out toward the efficient photoisomerization of norbornadiene to quadricyclene under sunlight. Twoways have been investigated to utilize longer-wavelength light. One is the use of suitable photosensitizers which assist the photoisomerization of norbornadiene to quadricyclene.1'10"12'18'25"27* The other is the introduction of appropriate substituents into norbornadiene to extend the absorption band to longer wavelength. [3] [4] [5] [6] [7] 16, 19, 20, 23, 29, 32) But the laUer way hag such demerits as reduction of quantum yield, decrease in the amount of energy stored because of the increase in molecular weight, and increase of material cost owing to the complication of synthesis. Although the former state^S -^S), the photosensitizer molecule undergoes non-radiative intersystem crossing from singlet to triplet state (3S), and then transfers the energy to norbornadiene. Consequently, norbornadiene is excited to the triplet state (3NBD) and isomerizes to quadricyclene.
Acetophenone has the highest quantum yield of the five photosensitizers (Fig. 2 ). It has a high efficiency (100%) in intersystem crossing and energy transfer, since there is a small separation between the excitation energies of its lowest excited singlet and triplet states, and its triplet excitation energy is higher than norbornadiene's. wavelength light, whereas a-naphthoquinone has lower triplet energy than norbornadiene and also transfers the energy to norbornadiene with difficulty. When acetophenone was used as a photosensitizer, the increase in the extent of isomerization of norbornadiene to quadricyclene was almost linear with irradiation time till its 100% conversion, though a slight reduction of the isomerization rate was observed at higher conversion. However, when benzophenone was used the isomerization did not reach 100% conversion but stopped at about 85% conversion. Since benzophenone has lower triplet energy, a part of the energy would be transferred to quadricyclene via complex formation, resulting in norbornadiene regeneration. The production of quadricyclene was limited to a relatively narrow wavelength range of ultraviolet region, while the byproduct was formed in a wide range. Polymers were thought to occupy the major part of byproduct in the isomerization reaction. No byproduct other than polymer was detected by gas chromatography. The polymers seem to be produced not only by the light irradiation but also to be formed independently of the irradiation. The oxygen dissolved in the reaction mixture accelerated the formation of the byproduct polymers, since the resultant polymers contained various amounts of oxygen. Table 1 shows a typical composition of the polymers obtained whenthe experiment wascarried out in air or under reduced pressure. When a-naphthoquinone, which should be a radical scavenger as well as a photosensitizer, was added, a considerable amount of byproduct was unexpectedly formed in place of quadricyclene compared with the cases of the other photosensitizers. Since the ultraviolet absorption spectrum of cyclohexane solution of norbornadiene and anaphthoquinone showed a new absorption band at 650nm which is absent in the spectra of the parent compounds (shown in Fig. 5 ), a complex between VOL. 20 NO. 4 1987 norbornadiene and a-naphthoquinone must be formed in the solution.
Since a-naphthoquinone has a lower triplet energy than norbornadiene (as is seen in Fig. 4 ), it could not transfer its triplet energy to norbornadiene but produced byproduct polymer via the complex. When benzophenone was used as a photosensitizer, a fair amount of byproduct was also obtained.
As benzophenone is known to form a complex with quadricyclene, 8'9'17) the byproduct is thought to be produced by the complex formation mechanism.
Formation of the polymers during irradiation was effectively suppressed by the addition of several phenolic substances (radical scavengers) into norbornadiene. Table 2 shows the result of norbornadiene photoisomerization by using acetophenone as a photosensitizer and 2,6-dw-butyl-/?-cresol as an inhibitor of side reaction. After the irradiation, no byproduct polymer was found. Photoisomerization proceeded almost linearly until complete conversion was attained, but the rate was reduced slightly at higher conversion. The above results will contribute to the realization of a chemical conversion system for solar energy that allows the repeated use of the norbornadiene-quadricyclene system. 
Conclu sions
The effect of wavelength on the quantum yield in the photosensitized isomerization of norbornadiene to quadricyclene, on the energy conversion efficiency and on the yield of byproduct polymer formation has been investigated by using several photosensitizers:
toluene, acetone, acetophenone, benzophenoneand anaphthoquinone. The formation of byproduct polymers which prevent the repeated use of the energystorage material was effectively suppressed by the addition of phenolic substances into norbornadiene.
We are now carrying out large-scale solar energy conversion and storage experiments by using a 1-m2 solar collector and 20kg of norbornadiene solution with a photosensitizer and an inhibitor of side reaction.
